The electric field control of functional properties is a crucial goal in oxide-based electronics.
An average charge transfer of 0.1 e/u.c. (unit cell) over 11 u.c., was observed depending on the ferroelectric polarization state 4 . This also resulted in a strong decrease in the magnetic moment at the Mn sites for the accumulation state. Spurgeon et al. 9 showed recently that local strain fluctuations also strongly influence the magnetization of the layers. Furthermore, a common report of these recent works is the non-symmetrical screening mechanism taking place in the LSMO layer when the polarisation state of the ferroelectric is reversed. For example, Chen et al. 11 reported very different orbital occupations in LSMO when the polarization direction in BiFeO3 is reversed. This results in a strong distortion of the manganite for only one of the direction of the ferroelectric polarization. Kim et al. 10 suggested either an electronic or a predominately ionic screening mechanism in the LSMO depending on the BiFeO3 polarization direction.
Studies on nanostructures based on electron-doped manganites like Ca1-xAxMnO3 (A -La, Ce, Pr, Nd, Sm, Tb), with predominant Mn 4+ oxidation states, are much less abundant. In these manganites, a ferroelectrically induced interfacial phase transition can be more easily achieved by electrostatic doping, as lower amount of carrier-doping is necessary to introduce a metal-to-insulator transition 12 .
Such ferroelectric control of functional properties is of particular importance in the case of Mott insulators, opening the possibility of the realisation of smaller or less energy consumption switches or memory devices. Recently, a strong electroresistance effect induced by the ferroelectric polarization switching has been demonstrated in heterostructures built with a ferroelectric BiFeO3 and a Mott insulator based on the Ca1-xCexMnO3 electron doped manganite 13, 14 .
In these recent reports 13, 14 , the resistivity change in the manganite channel induced by polarization switching in the ferroelectric BiFeO3 was limited to one order of magnitude while changes of several orders were reported for thin films of CaMnO3 tuned by different doping levels, strains or by electrolyte gating 12 . Typical electron injection of around 0.1 free electrons in the manganite channel were estimated by Hall measurements and associated with this resistivity change.
A charge distribution measurement on a unit cell scale at the Ca manganite/ferroelectric interface is thus required to understand, control and possibly enhance the magnitude of the resistivity switching effects. In the present study, a first-of-a-kind combination of scanning transmission electron microscopy (STEM) coupled to electron energy loss spectroscopy (EELS) [15] [16] [17] [18] , and grazing-incidence hard x-ray photoemission spectroscopy (HAXPES) in a near-total-reflection (NTR) condition have been used as site-sensitive valence probes to address the electronic and structural properties of BiFeO3 and Ca1-xCexMnO3 heterostructures (x=0, 2, 4 at.% nominal Ce concentrations) at the atomic scale. Our experimental results have also been compared to local density functional theory (DFT).
We have used these two novel and complementary methods to evaluate electron densities in manganite oxides. In the first, electron densities variation as small as ca. 0.02e -are obtained with a unit cell resolution based on the analysis of the Mn-L3 energy-loss near edge fine structures (ELNES). In the second, by tailoring the exciting hard x-ray wave field using the heterogeneous optical properties of the heterostructure, we acquire depth-resolved core-level photoemission spectra from each part of the heterostructure. Both methods independently reveal the charge accumulation profile at the Ca1-xCexMnO3 interface with the downward polarized ferroelectric BiFeO3. We want to point out the complementarity of both techniques, the first one probing unoccupied electronics states with high lateral spatial resolution in crosssection sample, the second one having depth profile resolution of occupied electronic state on the intact substrate. Such remarkable synergy might be applied to a large variety of interfacial systems.
Finally, as a guide to understanding the present results and being able to better tailor the properties of future nanostructures, we have used density functional theory (DFT) calculations to explore the influence of termination planes at the interfaces on the accumulation of carriers and the direction of the ferroelectric polarization.
A high-angle annular dark field (HAADF) image of a heterostructure of the type YAlO3 (as a growth substrate)/CaMnO3 (10 nm)/Ca0.98Ce0.02MnO3 (10 nm)/Ca0.96Ce0.04MnO3 (10 nm)/BiFeO3 (5 nm) in the {110} pseudocubic projection is shown in Fig. 1(a) . For reference, a HAADF image and the corresponding EELS for a bilayer heterostructure made of undoped and of 4 at % Ce-doped manganite layer (YAlO3/Ca0.96Ce0.04MnO3 (20 nm)/CaMnO3 (10 nm)/BiFeO3 (5 nm)), are given in respectively Figs. S1(a) and (b) of the Supporting Information. These multilayer systems allow the quantification of the spectroscopic signature of both undoped CaMnO3 and nominally 2 and 4 at% Ce doped Ca1-xCexMnO3, the latter being reported to be in a metallic state 12 . Fig. 1(b) shows the evolution of the c/a ratios of BiFeO3 and CaMnO3 as measured from the HAADF image in Fig. 1(c) . The measured c/a ratio for Ca1-xCexMnO3 is of the order of Therefore, the Ce substitution of a Ca atom is thus confirmed to provide two electrons per dopant atom in the manganite.
The electronic doping level in the manganite was also studied by the energy-loss nearedge fine structures. The transition metal L3,2 edges reflect the changes of oxidation state upon doping as it can be seen from the Mn-L3,2 edges of the undoped, 2at % and 4at % Ce doped layers shown in Fig. 2(a) , where a small chemical shift is observed upon increasing the doping levels. In the same area, the local cationic concentration is measured by EELS at lower dispersion comprising Ca, O, Mn, Ce edges, as demonstrated by the EELS spectra in Fig. 2(b) . The Mn L edges are dominated by two characteristic features and the intensity ratio between these two lines (the L3/L2 ratio) is often used to evaluate the Mn oxidation state from EELS spectra [22] [23] [24] . However, such a technique is strongly dependent on thickness and background extraction procedures and can impose difficulties when very small charge variations are studied. Other methods such as Mn-L3 or O-K onset energies, energy differences between the O-K and Mn-L3 edges or fitting procedures with reference spectra of known oxidation state have been used as well 24 .
By contrast, in mixed-valence compounds, changes in the orbital occupancy are often 31 . In this study we show that the multilayer mirror is not necessary, by using x-ray wave interference effects in NTR conditions for a bilayer system. Fig. 3 (a) first shows the simulated x-ray intensity (as square of its electric field, E, for hν=2800 eV) as a function of the incidence angle, θ, over the NTR range, including total reflection for zero incidence angle (see Supporting Information for the calculation details) 32 .
This reveals that, for increasing incidence angle θ, the x-rays penetrate deeper into the bilayer.
A schematic representation of the bilayer BiFeO3/Ca1-xCexMnO3 heterostructure is given in and bulk Ca 2p core-levels. As expected from the electric-field calculations ( Fig. 3(a) ), the NTR curves clearly shows significant intensity oscillations as a function of the photon incidence angle (e.g. ≈ 20% above the total-reflection falloff and located at 0.8° for the Bi 4f core-level). The oscillations are also phase-shifted when going from one layer to another (e.g. 0.20° when going from BiFeO3 to bulk Ca1-xCexMnO3), which demonstrates the incidenceangle dependence of the probing depth provided by the SW phase information in the field profile. To obtain a quantitative depth profile of the structure we compare the experimental NTR curves to calculations done with the Yang X-Ray Optics (YXRO) software for photoemission 32 . The optimal structure that best describes the data consists of a top CO contamination layer (10 Å), a BiFeO3 layer (with thickness of 42 Å) and Ca1-xCexMnO3 layer divided in an interface (10 Å) and a bulk component (210 Å). These optimal thicknesses determined from the calculation are summarized in Fig. 3(b) . The best fit to the experimental curves (solid lines in Fig. 3(e) ) is thus obtained for interface Ca1-xCexMnO3 layer with thickness 10 ± 2-3 Å (i.e. 2.5 u.c. A charge accumulation at the ferroelectric/manganite interface can be understood in the view of electrostatic electron doping due to the ferroelectric polarization 1,4 . In this aspect, the B-site atomic displacement with respect to the A site, associated to the ferroelectric polarization, can be measured by STEM-HAADF (oxygen atomic positions are not legible in such images) and is plotted in Fig. 1(b) for each unit cell. The average displacement of the Fe ions, in the region of BiFeO3 where the c/a ratio has reached values higher than 1.25±0.03, was determined to be 40 pm ± 15 pm along the [001] direction. Such a value is similar to a bulk like displacement (see BiFeO3 model structure in figure 1(i)) and thus corresponds to polarization of the order of P~100 μC/cm 2 38 pointing towards the BiFeO3/Ca1-xCexMnO3 interface 38 . This value is also in agreement with piezoresponce force microscopy measurements 13, 14 . Nevertheless, the observed amount of electrons doping in the CaMnO3 as determined by EELS in this manuscript and as reported from the Hall effect 13 is lower than expected from the screening of P  100 µC/cm 2 .
Structural rearrangement at this interface can also screen the polarization of the ferroelectric layer and thus alter the numbers of electrons induced in the manganite. Combining Ca, Fe and Mn L3,2 signals and the HAADF intensity profile (Figs. 4(a)-(b) ), the identification of the preferential termination planes at the BiFeO3/Ca1-xCexMnO3 interface has been achieved. The
BiFeO3 is found to be B-cation terminated (i.e. FeO2 terminated), giving at the interface the The combination of depth resolved photoemission and laterally resolved EELS, as well as NTR-HAPXES, reported here, can also be extended to the study of other interfacial systems.
As a future suggestion, the analysis of angle-resolved photoemission (ARPES) in NTR-HAXPES, should provide direct access to the depth-resolved interface band structure, as demonstrated recently in soft x-ray standing-wave ARPES 42 . 
